Eight commercial foods representing a wide range of viscosities (i.e. honey, condensed milk, mayonnaise, tomato ketchup, cream cheese, yogurt, process and Mozzarella cheeses) were investigated. Their steady shear viscosity and dynamic complex viscosity were determined by rheological measurements at two temperatures using a Bohlin-CVO rheometer. Based on experimental data, shear rate dependence of steady flow apparent viscosity and frequency dependence of dynamic viscosity was established and compared. It was determined that for condensed milk, tomato ketchup and mayonnaise, a modified Cox-Merz relation could be established. For cream cheese, a generalized Cox-Merz relation was proposed; and for yogurt, a deviation from the Cox-Merz rule was found. For Mozzarella and process cheeses a sharp drop in steady shear viscosity was noticed between 1~10 s -1 shear rate range. The Cox-Merz rule was not applicable for these cheese samples. 
INTRODUCTION
Most foods exhibit time dependent properties of viscoelastic materials. Viscoelastic properties of fluid and semi-solid foods can be characterized by classical rheological experiments such as SAOS (small amplitude oscillatory shear), stress relaxation, shear stress growth and normal stress growth. Essentially, it should be possible to interrelate true material properties obtained from different experiments. This is useful because experimental limitation of one type of experiment (slippage, migration of sample, etc.) can be overcome by using a different experiment and then relating those material properties back to the framework of interest, and also as independent comparisons of results for validation.
Several investigations on rheological properties of polymer solutions have shown that there is a correlation between functions describing the dynamic properties and those characterizing the properties in steady shear flow. An important
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where, k and a are constants decided experimentally. In most cases, both |h * | versus w and h versus g · can be approximated by a power-law, thus when a equals 1, this relation reduces to the modified Cox-Merz rule.
Some of the most difficult material properties of fluid and semi-solid foods to determine experimentally are viscometric functions or steady shear rheological properties. This is particularly true in the cone and plate geometry where slippage and outward migration of the sample makes it often very tedious to obtain reliable results. On the other hand, using newly available dynamic rheometers, SAOS test can be performed fairly easily and accurately within a reasonably large range of frequencies. Steady shear rheological properties, which dictate the flow property of materials, are critical in understanding and modeling some important engineering processes such as mixing and extrusion. Therefore, it is obvious that Cox-Merz rule is valuable in predicting steady shear properties from SAOS data. The physical reasons why Cox-Merz rule applies are still not clear. However, there are some clues from which we can extract useful structure information based on whether or not Cox-Merz rule applies. Schieber [3] proposed a molecular level constitutive model for long straight-chain polymers, which predict Cox-Merz rule. This was demonstrated to be true by Chamberlain and Rao [10] in their work on straight and highly-branched starch solutions. Most of the described departures from Cox-Merz rule are attributed to structural decay due to the extent of strain applied. By definition, applied strain is low in SAOS, but is high enough in steady shear to breakdown structured interand intra-molecular associations. In this case, the complex viscosity is usually higher than the steady shear viscosity [15] [16] [17] . Thus departure from Cox-Merz rule may imply strong inter-and intramolecular associations. As da Silva et al. [11] suggested, departure from Cox-Merz rule for waxy maize starch dispersions may imply a weak gel structure instead of simple solution.
The objective of this investigation was to verify if the Cox-Merz rule or its other forms is valid
feature of this is correlating results obtained under a regime in which the deformations are large and non-linear (steady shear flow), and another in which the deformations are small and linear (SAOS). Phenomenological theories, using various differential operators of complex structure, make it possible to obtain different forms of correlation between the dynamic and steadyshear characteristics of viscoelastic systems [1] . Similar results can be obtained using molecularlevel models [2, 3] . However, it has been demonstrated that the Cox-Merz empirical method [4] is the most reliable in correlating dynamic and steady shear rheological data. The Cox-Merz rule supports the superposition of shear rate dependence of steady-shear viscosity, h, and frequency dependence of complex viscosity amplitude, |h * |, at equal values of angular frequency, w, and shear rate g · :
This empirical correlation has been confirmed experimentally for several synthetic polymers [2, 5] , and for several solutions of random-coil polysaccharides [6] . In many cases [7] , it has been determined that the polymers follow the same general behavior as above when a shift factor is introduced: (2) Where c is the shift factor. This is called the extended or modified Cox-Merz rule.
Doraiswamy et al. [8] presented theoretical treatment of data on suspensions of synthetic polymers. They suggested that by using effective shear rates, the Cox-Merz rule could be applied to products exhibiting yield stress. Rao et al. [9] reported that this is true for tomato paste.
For biopolymers, Cox-Merz rule has been observed to hold in some cases (i.e. dilute starch solution, polysaccharide solution, concentrated dextran solution, locust bean gum and low methoxyl pectin) [10] [11] [12] [13] . Extended Cox-Merz rule has been also established for some food materials (i.e. tomato paste, wheat flour dough) [9, 14] . A generalized Cox-Merz relation was observed to hold for several commercial food samples (i.e. 
MATERIALS AND METHODS
The following foods were purchased from a local grocery store 1 Table 1 . These foods were stored in a refrigerator at 4˚C until testing. Control regarding age and storage conditions of the foods before purchase was minimal and is one of the possible reasons for large variations observed between experiments. All experiments were conducted at 30 and 35˚C to simulate mouth feel temperature, except for Mozzarella and process cheeses, which were tested at 55 and 60˚C to make them flow [18, 19] . At this temperature, cheese samples were melting. This was determined by temperature sweep tests. For, Mozzarella and process cheeses 2-mm thick, 20-mm diameter disk-shaped test specimens were prepared using a borer and slicer as described in Wang et al. [18] . The SAOS and steady shear tests were conducted using a controlled-stress dynamic rheometer (Bohlin-CVO, Bohlin Instruments Inc. Cranbury/USA). The parallel plate geometry with a 20-mm diameter upper plate was used for semi-solid foods (Mozzarella and process cheeses, cream cheese and mayonnaise). The cone and plate geometry with a plate diameter 40 mm and a cone angle of 0.04 radians was used for liquid foods (honey, condensed milk, yogurt, and ketchup). Each sample was held for five minutes before measurements for stress relaxation and temperature equilibrium to occur. The residual normal force is thought to be due to the yield stresses associated with each material and was neglected.
SAOS tests were conducted over a frequency range of 0.01 Hz to 100 Hz. The stress was controlled to be less than 1 Pa. This stress value was decided by a stress sweep test to guarantee a linear viscoelastic response. Steady shear viscosity tests were also conducted at the same temperatures. The applied shear rate range was from 0.05 s-1 to 100 s-1, the widest possible in our rheometer. However, because of wall slippage, the highest shear rate (100 s -1) was not used with all foods tested.
RESULTS
Steady shear apparent viscosity and complex viscosity of honey samples at 30 and 35˚C are plotted versus shear rate and angular frequency in Fig 1. The shear rate independence of the viscosity data confirms that the honey we tested is a Newtonian fluid. The considerable overlap of the steady shear and dynamic viscosities validates the applicability of Cox-Merz rule, as is expected for Newtonian materials.
Steady shear and SAOS data for condensed milk, mayonnaise and ketchup at 30˚C are pre- sented in Figures 2-4 , respectively. In the investigated shear rate range a power-law relation was observed between h versus g · for these materials in the form of h = K g · n-1 . The consistency coefficient, K, and power flow behavior index, n, for these materials determined at 30 and 35˚C are given in Table 2 . For each food material, the steady shear data overlap the SAOS data well when the shear rates were shifted (along the Xaxis). This conforms to the modified Cox-Merz rule (Eq. 2). The shift factors used are also listed in Table 2 .
The steady shear and SAOS data for cream cheese at 30˚C are shown in Fig. 5 . Similar results were obtained at 35˚C. A power-law relationship was established between |h * | versus w and h versus g · , but each with different K and n values (Table 3) . Since, a simple shift factor cannot be used to relate |h * | to h, a modified Cox-Merz rule cannot be established. However, a generalized Cox-Merz rule (Eq. 3) can be established at both temperatures. The generalized Cox-Merz rule constants C and a are listed in Table 4 Yogurt and Mozzarella and process cheeses are non-Newtonian foods but their viscosities do not follow the Cox-Merz relationship. As shown in Figures 6, 7 , and 8, steady shear viscosities of these materials cannot be described by a powerlaw approximation. Therefore, the Cox-Merz rule or its varied forms do not apply. Steady shear viscosity of stirred yogurts has been described by a Herschel-Bulkley model [20] . However, our data, though appear to show an yield stress, did not follow the Herschel-Bulkley relation. A possible reason for the deviation of viscosities of yogurt from what would be expected according to the Cox-Merz rule is its weak gel structure. Under steady shear, because of the large deformation involved, the weak gel structure of yogurt is broken. However, under SAOS condition, the deformation is so small that the gel structure is fairly intact.
The steady shear viscosity of Mozzarella cheese exhibited a sharp drop between 2 to 5 s -1 at 55˚C (Fig. 7) . It can be seen that when the shear rate is less than 1 s -1 , Cox-Merz rule holds approximately; and when the shear rate is greater than 10 s -1 , a modified Cox-Merz rule can be established with a shift factor, c = 245.7. The steady shear viscosity of process cheese also exhibited a sharp drop at shear rates between 1 and 10 s -1 at 55˚C (Fig. 8) . Unlike for the Mozzarella cheese, the Cox-Merz relationship could not be established even for a narrow shear rate range. Same patterns were also observed for both cheeses at 60˚C.
DISCUSSION
From the above observations we can clearly see that steady shear and dynamic viscosities of food materials investigated, with the exception of honey which is a Newtonian fluid, do not conform to the Cox-Merz rule in the shear rate range of 0.05~100 s -1 . For most foods, because of their complex molecular structure, it is virtually impossible to develop accurate, molecular level kinetic models to describe their rheological properties, but the complexity in structure itself suggests that Cox-Merz rule may not apply in its original form. However, Cox-Merz type empirical relations may still be established in some modified forms. As observed in our study, condensed milk, mayonnaise and tomato ketchup approximately follow the modified Cox-Merz rule; and a generalized Cox-Merz rule can be established for cream cheese. But for non-fat yogurt and Mozzarella and process cheeses, frequency dependence of dynamic viscosity and shear rate dependence of steady shear viscosity show different patterns, and hence no Cox-Merz-type relation can be established.
The failure of viscosities of food materials to follow the Cox-Merz rule may be explained by recognizing that food materials undergo major structural breakdown beyond some critical point. When the steady state viscosity is reached, the structure reaches an equilibrium configuration that is very different from that of the undeformed state. For example, in the case of cheeses, phase separation and structure breakdown can be expected. On the other hand, during dynamic measurement, the magnitude of strain is so small that it does not cause any significant change in the configuration of the material. Clearly, the overall resistance to deformation in dynamic measurements is bound to be greater than the resistance portrayed in steady shear conditions at large strain where the steady shear viscosity is measured because of such structural changes.
For both Mozzarella and process cheeses, there is a sharp drop in steady shear viscosity when shear rate is between 1 and 10 s -1 . It is possible this drop is caused by wall slippage due to free-oil formation during melting. However, it may also be possible that this is due to some material property. As observed in associating polymer solutions, a sharp drop in steady shear viscosity may be attributed to the existence of clusters of associating polymers (microgel) that behave like soft particles in a low viscous dispersing medium once the associative network is destroyed [21] . At 55 and 60˚C the cheeses are past their softening point and are in the melting state [22] . Therefore, the fat phase separates from the protein matrix. It is possible that when shear rate is beyond some critical value (between 1 to 10 s -1 ), the protein network of the cheeses is broken, casein molecules form small clusters which disperse in melting fat. As we know, process cheese has low fat content which reduces the possibility of slipping, we also observed a sharp drop in steady shear viscosity. Of course, this explanation should be justified by other measurements to determine to what extent slippage has played a role in our data. However, we present the data as an interesting observation which may stimulate future research.
Therefore, for mayonnaise, condensed milk, tomato ketchup and Mozzarella cheese, which can be described by a modified Cox-Merz rule, there are large deviations from the original CoxMerz rule. In Table 5 we list deviations from the original Cox-Merz rule for some polymers reported in the literature. Compared to many common polymers, food materials deviate a larger extent. Further research is needed to determine the exact reasons; we expect that the biphasic or even multi-phasic nature of most food materials may turn out to be the main concern. As shown in Table 5 , filled polymer system (that is polymer matrix strengthened with solid particles, like wood fibers, charcoal particles or even tiny metal particles, etc.) has the largest deviation from the original Cox-Merz rule which is in the same range as some food materials. It has been proposed that this large deviation is due to the biphasic nature of the filled system [23] [24] [25] .
CONCLUSION
The steady shear viscosity of many food materials and their corresponding linear viscoelastic properties are not simply related by the Cox-Merz rule. For some food materials, modified or generalized Cox-Merz rules can be established. Compared to some common polymers, the food materials deviate form Cox-Merz rule to a larger extent. Nonetheless, it may still be possible to estimate steady shear viscosity for many foods from their SAOS test data when shear rate is too high to be measured experimentally.
